Objective: The purpose of this study was to examine literature on how radiology is taught and learned by both radiology residents and undergraduates in the health professions. Methods: A review of the literature was performed using relevant key words. Articles were retrieved through December 2012 using PubMed, ScienceDirect, ERIC, Proquest, and ICL databases along with a manual review of references. Results: Of the 4716 unique abstracts reviewed by the author, 91 were found to be relevant to the purpose of this study. The literature retrieved reported pedagogical approaches to teaching radiology including the following: problem solving, technology as teacher, independent learning tools, visiting lectureships, case based teaching, and conferences. There was some exploration of the relative effectiveness of educational formats. Suggestions for future research identify 7 areas of relative consistency. Conclusion: Radiology is a clinical skill that requires integration science, clinical information, clinical experiences, and information recorded on diagnostic imaging studies. The research in this area focuses on problem solving, the use of algorithm/scripts, introducing uncertainty in clinical scenarios, incorporating technology in learning environments, active learning techniques, and methods of independent learning. Although the literature in this area is still in its infancy, the research examining the relative effectiveness of these various educational formats is often contradictory, suggesting that this is a complex area of study with numerous factors influencing student learning.
Introduction
Until recently, only a handful of radiology educators have explored questions relating to how students learn and how to teach effectively. 1, 2 It is not surprising then that there is little in the radiology education literature exploring these areas of study. This article examines the literature surrounding how radiology is taught and learned by both radiology residents and undergraduates in the health professions because they often share similar needs and use the same resources. 3 The purpose of this narrative review is to examine the existing literature that explores how radiology is taught and learned by both radiology residents and undergraduates in the health professions.
Methods
A review of the literature was performed focusing on how radiology is taught and learned by radiology residents and undergraduates. Search engines that were searched though December 2012 included the following: PubMed, ScienceDirect, ERIC, Proquest, and ICL databases, along with manual review of references. The comprehensive sampling strategy used the terms radiology OR diagnostic imaging AND education OR teaching OR resident OR medical student OR chiropractic student OR curriculum OR medical education OR medical school OR medical students OR medical curriculum OR chiropractic education, OR chiropractic school OR chiropractic students OR chiropractic curriculum. Articles were limited to those in the English language and to humans.
Results
The resultant 4716 unique article abstracts and/or titles were reviewed by the author. All articles that appeared germane to the pedagogy of diagnostic imaging education were obtained and reviewed by the author, which led to the inclusion of 91 articles in this paper.
Discussion Pedagogical Approach: Problem Solving
One pedagogical area of interest in medical education literature deals with students' ability to solve problems. Radiology is a clinical problemsolving skill that requires students to be able to integrate what they see on the film with their knowledge of anatomy, pathology, and clinical information. This ability, combined with the use of an adaptable radiographic search pattern, has been shown to correlate with successful interpretation of radiographs. 4 The article "Problem-Solving Model in Radiology for Medical Students" 5 suggests that the use of algorithms will improve students' ability to develop this skill set. The authors propose that radiology, with its multitude of rapidly developing imaging techniques and associated escalating costs, demands that students become proficient medical decision makers. Nonclinical issues such as costeffective use of imaging modalities, safety, and patient comfort incorporated into the clinical decision-making process have been discussed in the literature for some time. [6] [7] [8] [9] [10] A senior-level course, using small groups with faculty guidance to develop investigative plans in imaging, allows the students to learn to develop algorithms designed for specific patients rather than memorizing generalized algorithms that may not be effective for individual patients. 5 Teaching medical students through the use of algorithms, also known as scripts, is based in cognitive psychology and provides the students with prestored knowledge that can be applied quickly and easily in the clinical setting. 11, 12 The Medical College of Georgia compared a traditional observation instructional method to an interactive learning method that involved specific learning objectives and tasks that enabled students to be actively involved in radiology. The results showed that medical students, residents, and faculty preferred involving students in appropriate decision making and problem solving. 13 Similarly, Erinjeri and Bhalla 14 found that shifting radiology case-based instruction from a passive observational approach to an active learning delivery was beneficial. An interesting article published in 2005 illustrates the importance of clinical histories in the interpretation of radiographs: groups of students examining the same set of radiographs were given different patient histories. The authors posited that different histories will drive the algorithm or script appropriately. 15 A 2012 dissertation found that students find the use of clinical cases to be helpful in learning to interpret radiographs 16 and is consistent with both the adult learning theory and experiential learning theory. 17, 18 When residents are asked to discuss an unknown case, they are expected to focus on 1 question: what is the abnormality? This question assumes 1 correct answer. Thus, radiology residents, and radiologists themselves, often have an underlying assumption that to be a good radiologist, one has to have the accurate diagnosis every time. 19 Gunderman and Nyce 19 argue that, although this is an important part of being a good radiologist, this need for accuracy can be problematic when no absolute right answer can be derived from a given set of images. Residents need to learn to be active investigators and incorporate clinical information into their evaluation of a case. The authors suggest that residents be encouraged to ask questions and that, when residents or radiologists make errors, it be viewed as a learning opportunity rather than a sign of failure. In addition, they recommend that residents be presented with cases in which the diagnosis is not known, or at least not provided to the residents, to encourage them to evaluate their performance by criteria other than getting the right diagnosis. The "art of uncertainty" creates an opportunity for learning. 20 
Technology as Teacher and Independent Learning Tools
Many articles examine the types of technology that can be used to assist in teaching radiology to both undergraduate medical students and residents. These articles began appearing around the early 1970s, 21 and the technologies discussed range from the traditional textbook, 22 videodisc, 23, 24 analogue film teaching files, 25 interactive games, 26 digital/picture archiving and communication systems and Digital Imaging and Communications in Medicine-based teaching files, [27] [28] [29] [30] [31] [32] computer instruction, 33 and handheld computers or personal digital assistants, 34, 35 to radiologic Web sites 36 such as Web-based tutorials, [37] [38] [39] Webbased teaching files, [40] [41] [42] [43] Web-based radiology information sites, 44, 45 open-source, social network virtual learning environments, 46 blended learning, 47 and intranet-based assessment tools. 48 These advances in technology have allowed the student to be able to study radiology without the use of the traditional cut-film teaching files in medical/ chiropractic schools and radiology residence programs. 49, 50 This has resulted in lower costs 51 and smaller space requirements for the educators 23 and greater convenience to the student. 29, 30 In addition, this technology has allowed the practicing radiologist to continue to learn and keep up with the exponentially increasing body of knowledge that represents modern radiology. 52 Interestingly, authors recognized the value of using computers to teach problem solving in medicine as early as the 1960s. 53 Using an audience response system creates a more interactive learning environment and appears to improve performance and student participation in an undergraduate anatomy/radiology class. 16, 54 Another study found that using a computer to monitor cases in case presentation conferences allows better control of conference content, allows generation of teaching files, and facilitates modification of case content to allow for a more even representation of the spectrum of disease found in the organ or organ system being studied. 55 A mainstay of radiology education is independent learning, or self-learning. This is achieved through the use of textbook reading, American College of Radiology and institutional teaching pathology files, 56 educational slides/tapes/videos, educational videodiscs, 57 and CD-ROM/DVD/Internet programs. In the early 1990s, residents purchased and read 5 textbooks per year, spending an average of 9 hours per week studying textbooks. 58 The improvement in technology and image quality, 59 along with the explosion in the use of the Internet in radiology education, has enabled educators to create interactive educational Web sites that allow them to expand the sphere of their talents and contributions to the radiology education world 60 to a previously unparalleled extent. The radiology education literature follows the evolution of various technology developments and the utilization of technology as tools for increasing the quantity and quality of this type of study. 61 Both undergraduate medical students and residents use these materials, so it seems that it was inevitable that the question of whether both populations can learn as effectively with the same educational materials arises. In the instance of resident-prepared chest radiology teaching cases, it appears that the answer is yes-the same materials can be used to teach both undergraduates and residents. 3 A few authors 62 make an effort to point out that new technologies will assist in helping with both the dissemination of information and with the workforce shortages facing medical academia. However, they stress that technology cannot replace the insight, experience, and dedication of human educators. The authors argue that technology must be used to ignite a passion for learners to seek out knowledge for themselves and to work with teachers and each other to solve problems, rather than simply use technology to transmit information. In short, technology must help the teacher provide learnercentered education. 63 Using technology to enhance the education experience, rather than viewing it as a mechanical teaching method that removes common sense from the process, is many authors' goal. Jaffe and Lynch 64 point out that computers are especially useful in allowing learners to complete self-evaluations, thereby receiving objective feedback about their level of mastery of the materials. Furthermore, they note that computer-aided instruction supports different learning styles and allows the student to progress at his or her own pace. In addition, computers allow learners to complete self-assessments that provide immediate, nonjudgmental feedback. 64, 65 Visiting Lectureship Programs A common activity in the radiology education arena is a visiting lectureship program. This is designed to bring experts on site to train residents and house staff. Visiting lectureship programs are generally expensive and effort intensive. However, preliminary research suggests that it is an effective method of information transfer and that the level of retention of knowledge is independent of location and level of training. 66 This can sometimes be incorporated into a didactic conference. Every radiology residency program has a series of didactic conferences as part of its curriculum. 67 
Case-Based Radiology Teaching and Conferences
One of the traditional and standard methods of teaching radiology is commonly known as the hot seat, whereby the instructor sits with the student and presents a case consisting of imaging on a particular patient. The instructor then attempts to extract observations, diagnoses, and information from the student while other students observe the interaction. Ideally, this is an effective and enjoyable method of education 68 reflective of Socratic inquiry. However, as pointed out by Chew 69 in his article discussing a means of improving on this method of instruction, it can easily become viewed by students as an inquisition rather than as a valuable opportunity to learn. Chew suggests allowing all students to preview cases for 45 seconds, write down their findings and thoughts about each case, and take turns discussing their responses under the direction of the instructor. He found that this modification of the traditional hot seat resulted in greater student participation and favorable feedback and was overwhelmingly preferred by the students over the traditional approach. However, there are radiologists who believe that the traditional approach of creating stress during these hot seat sessions is a sound pedagogical principle because it recreates the stress of clinical practice settings, such as the emergency department setting, and that the residents need to be able to make decisions under stressful conditions (KM Hibbert, University of Western Ontario, personal communication, January 22, 2012) .
Another proposed variation of the traditional hot seat case presentation consists of pairing residents and giving them a set of cases to review for a set period of time. The cases are subsequently discussed, with one resident from each team partaking in the presentation. 67 The conference moderator then provides a written handout outlining the findings and diagnoses for each case. This format was found to be a statistically significant improvement over the traditional approach. 70 In addition, because of the increased visibility of findings associated with digital hot seat presentations, students appear to prefer these to analog film-based or slide-based presentations. 71 Requiring residents to autonomously review resident-prepared independent learning/teaching cases has also been shown to be an effective learning tool. 72 The cases included a short clinical history, radiographs, computed tomographic scans, concise description of the radiological findings using correct terminology, a list of differential diagnoses, the proven diagnosis, a discussion of that diagnosis, 2 or 3 learning points, and between 1 and 3 references. Having radiology residents present cases to each other at chest radiology conferences is also an effective teaching method. 68 Resident-prepared conferences are an effective way to teach radiology residents imaging utilization guidelines. However, this method of instruction does not appear to improve residents' perception of their ability to provide diagnostic imaging consultation. 73 Interestingly, having undergraduate chiropractic students prepare and present radiology cases resulted in the majority of students reporting that it was a valuable learning tool, helping them in their roles as both presenters and observers. 74 
Relative Effectiveness of Educational Formats
Few authors examine the relative effectiveness of educational formats in improving radiology residents' short-or long-term retention of factual knowledge. Smith et al 75 sought to do just that and compared the effectiveness of lecture vs case presentation formats for teaching residents radiology. Their study failed to show any difference between the 2 formats. Thompson et al 76 examined the effectiveness of a single didactic session on family practice residents' performance and found that there was a significant improvement in their ability to detect pneumonia on plain film radiographs.
Preliminary studies have not been able to detect long-term differences between the instructional effectiveness of multimedia textbooks, traditional lectures, and printed textbooks. 77, 78 Similar studies found no difference between lecture, printed texts, and digital content delivery on examination results for radiographic anatomy 79 or between linear and Web-style layout of computer tutorials for learning to interpret radiographs. 80 One intriguing study found that computerbased teaching with case studies improves students' problem-solving ability in radiology as compared with paper-based case studies. 81 Other authors, however, suggest that self-instructional seminars, combined with examinations, are more effective than the traditional tutorial methods and formal radiological training. 82 According to their study, 10 seminar hours result in the same level of performance as 140 hours of elective courses. One study suggests that no difference exists in long-term knowledge retention between students who attend lectures and those who are absent. 83 Conversely, others have found that formal radiology teaching significantly improves student performance. 84 Another study suggests that long-term retention of radiographic anatomy into the fourth year of medical school is poor overall. 85 This article was followed by 2 additional studies that found that a preclinical course in radiology may result in facilitation of long-term retention of radiographic anatomy. 86, 87 A blended learning approach with integration of Webbased, small group modules with didactic instruction was found to be effective at Harvard Medical School, 88 and a similar case-based integrated teaching model that appears to be improving outcomes and increasing academic efficiency is being used at Taipei Medical University in Taiwan. 89 Subramaniam et al 90 address problem-based learning as a whole, pointing out its advantages and disadvantages in relation to radiology education, and provide a list of suggestions to improve this method of teaching radiology to medical students. One qualitative study investigated student perceptions of effective pedagogical approaches and found that students believe that using active learning activities, using anatomical models learning radiographic anatomy, incorporating radiographic search patterns and appropriate vocabulary into radiology instruction, and incorporating clinical information into cases improve their mastery of diagnostic imaging interpretation. 16 Studies into the efficacy of using interactive software as a learning method show that it is effective and well received by both medical students and residents. 51, 64, 91 Others have found that, although students learn more radiology with computer-assisted instruction videodiscs than with a textbook, they were more time intensive. 92 Only 1 study appears to examine the traditional interactive tutorials compared with computer-assisted instruction. It was a prospective, randomized study that compared the 2 methods of instruction using the same instructor and teaching style for both groups. The study found that, although both methods are effective instructional formats, interactive tutorials are more successful than computer-assisted instruction in teaching factual radiology knowledge. 93 
Application to Educational Practices
Although the literature regarding diagnostic imaging pedagogy is sparse and often contradictory, there are 7 areas of relative consistency discussed above that should be noted:
1. The literature suggests that teaching radiology as a problem-solving skill using a variety of methods that are grounded in cognitive psychology and learning theory shows promise in improving student learning outcomes. 2. Providing opportunities for students/residents to experience cases where there is no right answer appears to improve learning outcomes. 3. Providing active learning opportunities consistent with learning theory appears to improve both learning outcomes and student satisfaction. 4. Advances in technology are altering how radiology is taught and learned by students, residents, and practitioners seeking continuing education credits. 5. Technology allows for faster dissemination of information but also needs to be used in a manner which allows for learner-centered education. 6. Learner-friendly variations of the traditional hot seat case presentation improve both learning outcomes and student satisfaction. 7. Research into relative effectiveness of educational formats is badly needed.
Limitations
This study was limited to articles available in the English language and therefore is not comprehensive of all literature worldwide. The search did not include the gray literature or other potentially relevant sources. It is possible that the search terms did not identify all relevant articles.
Conclusions
This narrative review describes radiology as a clinical problem-solving skill that requires integration of basic sciences such as anatomy and pathology, clinical information, clinical experiences, and the information recorded on the diagnostic imaging study. As such, much of the research in this area has focused on problem solving, the use of algorithms or scripts, introducing uncertainty in clinical scenarios, incorporating technology in the learning environments, other active learning techniques, and various methods of independent learning opportunities. Although the literature in this area is still in its infancy, the research examining the relative effectiveness of these various educational formats is often contradictory, suggesting that this is a complex area of study with numerous factors.
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